The enzymology of aminophospholipid−processing enzymes is not well understood.
HRAS-like
tumor suppressor 3, a representative member of this group, plays a key role in regulating triglyceride accumulation and energy expenditure in adipocytes and therefore constitutes a novel pharmacological target for treatment of metabolic disorders causing obesity. Here, we delineate a catalytic mechanism common to lecithin:retinol acyltransferase−like proteins and provide evidence for their alternative robust lipid−dependent acyltransferase enzymatic activity.
We also determined high resolution crystal structures of HRAS-like tumor suppressor 2 and 3 to gain insight into their active site architecture. Based on this structural analysis, two conformational MES, 2−(N−morpholino)ethanesulfonic acid; MS, mass spectrometry; MWCO, molecular weight cut-off; Nacyl-PE, N-acylphosphatidylethanolamine; NBD, 6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl group; PEG, polyethylene glycol; PLA 1 , phospholipase A 1 ; PLA 2 , phospholipase A 2 ; PC, phosphatidylcholine; PE, phosphatidylethanolamine; RMSD, root-meansquare difference.
states of the catalytic Cys113 were identified that differ in reactivity and thus could define the catalytic properties of these two proteins. Finally, these structures provide a model for these enzymes' topology and allow identification of the protein−lipid bilayer interface. This study contributes to enzymatic and structural understanding of HRAS-like tumor suppressor enzymes.
Glycerophospholipids are major cellular constituents that provide the structural and physicochemical basis for many cell membrane functions. Phospholipids also act as mediators in many vital processes, including membrane trafficking, cytoskeletal rearrangements, and signal transduction where they serve as molecular signaling precursors for a variety of lipid−mediators such as fatty acids, sphingolipids, inositols, lysophospholipids, endocannabinoids, and prostaglandins (1,2). In response to intra− and extracellular stimuli, the production and cellular location of lipid mediators are tightly controlled by numerous enzymes that employ lipids as substrates including phospholipases and lipid−dependent acyltransferases (3) .
A recently characterized group of proteins involved in phospholipid metabolism are vertebrate representatives of the papain-like or NlpC/P60 thiol protease superfamily. This class of proteins consists of five proteins known as HRAS−like tumor suppressors (HRASLS1, 2, 3, 4, and 5) 1 and lecithin:retinol acyltransferase (LRAT) (4) . HRASLS enzymes are also referred to as LRAT−like proteins because of their sequence homology to LRAT, the best characterized member of this group, which catalyzes the formation of retinyl esters by transferring an acyl group from the sn−1 position of phosphatidylcholine (PC) onto retinol (vitamin A). Except for HRASLS5, these enzymes possess a single C−terminal transmembrane−spanning segment. All members of this family share a highly conserved NCEHFV motif, which contains a reactive Cys residue involved in catalytic activity (Fig. 1A) (5, 6) . Despite conservation of their catalytic sites, HRASLS proteins catalyze disparate reactions, many of which remain uncharacterized. In contrast, the enzymatic activities and physiological significance of LRAT in vision and vitamin A metabolism have been well understood (5, 7, 8) . Functions of HRASLS3 also known as H−rev107 or AdPLA have recently been studied in the Adpla −/− mouse model (9) . HRASLS3 deficiency leads to markedly reduced adipose tissue mass and triglyceride content but normal adipogenesis accompanied by higher energy expenditure and increased fatty acid oxidation in adipocytes. This profound effect on triglyceride metabolism identifies HRASLS3 as a major regulator of adipocyte lipolysis and a crucial factor in the development of obesity. However, the molecular mechanism responsible for the Adpla −/− mouse phenotype, originally attributed to the phospholipase A 2 (PLA 2 ) activity of HRASLS3 and consequent deficiency in prostaglandin E 2 in these null mice, remains obscure because of contradictory reports about the enzymatic specificity of HRASLS3 with respect to the sn−1/sn−2 position of PC (9) (10) (11) (12) .
Interestingly, biochemical characterization of other members of the LRAT−like protein family, including HRASLS1, 2, and 4, indicates a common PLA 1,2 activity with a predominant specificity for the sn−1 acyl position. In contrast, HRASLS5 reportedly exhibits LRAT−like acyltransferase activity by abstracting an acyl group from the sn−1 position of PC and transferring it onto the amine group of phosphatidylethanolamine (PE) to form N−acylphosphatidylethanolamine (N−acyl−PE), the precursor of the bioactive endocannabinoid, anandamide (13, 14) .
The physiological importance of LRAT−like proteins in key metabolic pathways encouraged us to undertake a comprehensive characterization of this class of proteins. Here, we describe and compare mechanisms of enzymatic activity for selected HRASLS proteins, including the formation and stability of their covalent acyl−enzyme intermediates. We also demonstrate alternative acyltransferase enzymatic activities of HRASLS enzymes that likely reflect their physiological functions. Finally, we report crystallographic structures of HRASLS2 and HRASLS3, providing information about the active site architecture of this family of enzymes at atomic resolution. These structures also allowed identification of the protein−lipid interface as well as construction of a preferred model of the membrane topology. These findings could facilitate the development of therapeutic modulators of LRAT−like enzymes for the treatment of metabolic syndromes causing obesity.
EXPERIMENTAL PROCEDURES
Materials cDNAs encoding human HRASLS1, 2, and 4 amino acid sequences (gi:9966859, gi:8923526, and gi:149588791, respectively) were synthesized de novo (DNA 2.0, Menlo Park, CA). Clones for human HRASLS3 and HRASLS5 (gi:189571621 and gi:21707989) were obtained from the American Type Culture Collection. Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL). Protein crystallization screens were obtained from Hampton Research (Aliso Vieja, CA).
Expression and Purification of HRASLS proteins
Expression of HRASLS proteins in a soluble form required truncation of each protein sequence at the predicted C−terminal transmembrane helix (Fig. 1A) . NdeI and XhoI restriction sites were introduced at the ends of HRASLS1 −5 coding sequences by PCR with  the  following  primers:  HRASLS1:   5'−GCAGATCATATGGCGTTTAATGATTGCT  TCAGTTTGAACTACC−3',  5'−CGTCTACTCGAGTCGGTTGGCCTGCTC  TGAAACTCC−3';  HRASLS2:  5'−GCAGATCATATGGCTTTGGCCAGACCA  AGACC−3',  5'−CGTCTACTCGAGCTGGTCACTGCGGGA  GACGCC−3'; HRASLS3: 5'−GCAGATCATATGCGTGCGCCCATTCCA GAGC−3', 5'−CGTCTACTCGAGATCTCTGACCTGGTCA CTGCGGGCG−3'; HRASLS4: 5'−GCAGATGGATCCCACCACCACCACCAC CACGCTTCGCCACACCAAGAGCCC−3', 5'−CGTCTAGAATTTCACTTGGCCTTTTCCA CCTGTTTACAGC−3'. Amplified cDNAs were cloned into the pET30b bacterial expression vector (Invitrogen, Grand Island, NY). A common purification strategy derived from the protocol published by Han et al. was used for all HRASLS enzymes (15) . Recombinant proteins were expressed in the BL21(DE3) Escherichia coli strain grown in the presence of 50 µM kanamycin. Protein expression was induced with 0.5 mM isopropyl β−D−1−thiogalactopyranoside and carried out at 22 °C for 5 h. Bacteria then were harvested by centrifugation (6,000g, 15 min, 4 °C), treated with lysozyme (10 µg/mL), and disrupted by osmotic shock (16). The lysate was cleared by centrifugation at 36,000g for 30 min at 4 °C. After adjustment of pH and ionic strength to 50 mM Tris−HCl, pH 8.0, and 250 mM NaCl, the supernatant was loaded onto a 5 mL His−trap column (GE Healthcare, Piscataway, NJ). The column was subsequently washed with 50 mL of 50 mM Tris−HCl, pH 8.0 containing 250 mM NaCl and 10 mM imidazole, and the protein was eluted by raising imidazole to 250 mM in the same buffer. The volume of combined fractions containing protein was reduced to 5 mL in a 10 kDa molecular weight cutoff (MWCO) Amicon Ultra (Millipore, Billerica, MA) and the solution was loaded onto a gel filtration column (120 mL) packed with Superdex−200 (GE Healthcare) and equilibrated with 10 mM 2−(N−morpholino)ethanesulfonic acid (MES)−NaOH, pH 6.5, and 5 mM dithiothreitol (DTT). After gel filtration, eluted protein was by guest on September 1, 2017 http://www.jbc.org/ Downloaded from loaded onto a 5 mL HiTrap−SP cation exchanger column (GE Healthcare) equilibrated with 10 mM MES−NaOH, pH 6.5, and 5 mM DTT. Protein was eluted with a linear gradient of NaCl in the equilibration buffer (0 -0.5 M, 30 min, 1 mL/min). Protein purity in collected fractions was examined by SDS−PAGE and the protein identity was verified by MS. Finally, the protein solution was concentrated to 6, 2, 9 or 16 mg/mL for HRASLS1, 2, 3 and 4, respectively, in a 10 kDa MWCO Amicon Ultra, snap frozen in liquid nitrogen, and stored at −80 °C.
Expression and Purification of LRAT−GST Fusion Protein
The soluble form of enzymatically active LRAT was obtained by expressing a GST−fused mouse protein (residues 30 -186) in E. coli and then purifying it as described in our previous report (17) .
LC/MS Analysis of Intact Proteins and Peptides
All experiments were performed with LXQ and LTQ Velos linear ion trap mass spectrometers equipped with an electrospray ionization source (Thermo Scientific, Waltham, MA). An Agilent Technologies 1100 Series HPLC system (Agilent Technology, Santa Clara, CA) was interfaced with the LXQ MS whereas the LTQ Velos instrument was equipped with an Accela 600 quaternary pump for inline protein, peptide, and lipid separation. To record spectra of intact proteins, 0.5 µg of protein was loaded onto an XBridge BEH300 C4 column (3.5 µm, 2.1 x 50 mm) (Waters, Milford, MA) and eluted with a linear (5-100%) gradient of acetonitrile in water over 20 min at a flow rate of 0.25 mL/min. Both solvents contained 0.1% formic acid. Intact protein masses were deconvoluted manually or by using ProMass for Xcaliber software (Thermo Scientific). The same column and solvents were employed to separate products of pepsin digestion except the acetonitrile gradient was developed over 40 min. Pepsin digestion of the proteins in solution was performed at room temperature, pH 2.0, for 15 min followed by immediate injection onto the column. Products of the digest were analyzed with a Mass Matrix database Search Engine and then verified manually (18) .
Self−acylation Assays
Acylated forms of HRASLS proteins (5 µg) were detected after their incubation with short acyl chain PCs (0.05 -2 mM) in 0.1 mL of 10 mM Tris−HCl, pH 8.0, containing 1 mM DTT at 25°C. Molecular ratios between the proteins and lipids ranged from 1/150 to 1/6000. The reaction mixtures were directly subjected to LC/MS and analyzed as described above.
Phospholipase Enzymatic Assays
Phospholipase activity of the HRASLS enzymes was examined by incubating these enzymes (4 µg) with 0.5 mM 7:0−7:0 PC in 0.1 mL of 10 mM Tris−HCl, pH 8.0 containing 1 mM DTT at 25 °C. The reaction was quenched at various time points with 0.1 mL of methanol, and the substrate as well as lysoPC products were separated and quantified by LC/MS as described below. 1−Hexanoyl−2−(6−[(7−nitro−2−1,3−benzoxadi azol−4−yl)amino]hexanoyl)−sn−glycero−3−pho sphocholine (6:0−6:0−NBD−PC) was used as a substrate to determine the positional specificity of phospholipase activity. Because the commercially available compound contained significant amounts of hexanoyl−NBD acid, 6:0−6:0−NBD−PC was pre−purified by HPLC prior to use. This sn−2 chromophore−labeled PC was incubated in the presence of proteins for up to 3 h under conditions described above. Products of the enzymatic reaction were separated by chromatographic methods described for intact proteins and peptides and quantified with a diode array detector (Agilent) set at 460 nm. Chemical identities of eluted compounds were confirmed by MS.
Aminophospholipid Acyl Rearrangement Assays
The acyltransferase enzymatic assay was performed under essentially the same reaction conditions as described for the phospholipase assay but the initial phospholipid substrate consisted of either an equimolar mixture of 7:0−7:0 PC and 6:0−6:0 PE or 7:0−7:0 PC and 6:0−6:0 PC, each at a final concentration of Phospholipids were quantified based on the reference peaks of added internal standards. Because isotopically labeled short acyl chain phospholipids were not commercially available, phospholipid internal standards used represented the same class of lipids as the quantification target but with a different acyl chain length. To compensate for slight differences in ionization, correction factors were calculated for each of the ion pairs in 1/10 to 10/1 concentration ratios. Thus, 6:0−6:0 PC was used for calculation of the correction factor for 7:0−7:0 PC (0.95) that was then used to determine amount of the 7:0−6:0 PC in the experimental samples. 8:0 LysoPC served as an internal standard for 6:0 lysoPC (correction factor 1.63). Quenched reaction mixtures were spiked with known amounts of internal standards (0.15 -0.5 nmol) and directly injected onto an XBridge BEH300 C4 (3.5 µm, 2.1 x 50 mm) column. The column temperature was 25 °C. Chromatographic separation of phospholipids including PC, PE, and the corresponding lyso−phospholipids was achieved with a linear (5 -100%) gradient of acetonitrile/water (0.1% formic acid) over 20 min at a flow rate of 0.25 mL/min. The eluent was directed into a LTQ Velos MS via an electrospray ionization source working in positive mode and the mass spectrometer was tuned for 7:0−7:0 PC to ensure adequate sensitivity. The resulting ion chromatograms were used to quantify the intensities of isolated selected ions. Areas under the peaks of interest were calculated by using X−Calibur 2.2 (Thermo Scientific).
N−Acyltransferase Activity of HRASLS3
The ability of purified recombinant HRASLS3 to act enzymatically as a PE N−acyltransferase was assessed with 18:1−16:0 PC as an acyl−donor and 17:0−17:0 PE as an acyl−acceptor (Avanti Polar Lipids). Assays were carried out in 50 mM glycine−NaOH, pH 9.0, containing 2 mM DTT and 0.1% Nonidet P−40 in a final reaction volume of 0.2 mL at 37 °C. PC (final concentration, 40 µM) and PE (final concentration, 75 µM) were added in CHCl 3 to glass tubes used for these incubations, the CHCl 3 was evaporated under N 2 , and the phospholipids were resolubilized with the detergent−containing assay buffer and vigorous mixing. The reaction was started by addition of purified HRASLS3 (1 − 5 µg) and later quenched by addition of 320 µL of CHCl 3 /CH 3 OH (2:1 (v/v)) containing 0.5 nmol 1,2−dioleoyl−sn−glycero−3−phosphoethanola mine−N−nonadecanoyl (18:1−18:1 PE−N−19:0) as an internal standard. The CHCl 3 phase containing the extracted phospholipids was removed and used for LC/MS analysis of products carried out on a Xevo TQ MS ACQUITY UPLC system (Waters). Samples in autosampler vials were maintained at 4 °C in the autosampler until 5 μL aliquots were injected onto the LC/MS. A BEH C18 column (2.1 × 100 mm, 1.7 μm particle size, Waters), preceded by a 2.1 × 5 mm guard column packed with the same material, was employed to assess N−acyl PE formation. Initial HPLC solvents were 5% solvent A (H 2 O) and 95% solvent B (methanol); both solvents contained 10 mM ammonium acetate. Solvent B increased linearly over 2 min to 100% B and remained at 100% for 3 min (5 min total run), at a flow rate of 0.5 mL/min. The column temperature was 40 °C. The source temperature was 150 °C, desolvation temperature 500 °C, desolvation gas 1000 L/h, cone voltage 76 V, and collision energy 50 eV.
Crystallization of HRASLS2 and HRASLS3 and preparation of heavy atom derivatives
HRASLS2 and HRASLS3 crystals were grown by the sitting drop vapor diffusion method. HRASLS2 was crystallized by mixing 1.5 µL of protein solution (2 mg/mL) in 10 mM MES−NaOH, pH 6.5, containing 200 mM NaCl and 10 mM DTT with 1.5 µL of crystallization solution consisting of either 1.1 M dibasic ammonium tartrate, pH 7.0, or 1.5 µL of 0.2 M MgCl 2 hexahydrate, 0.1 M Bis−Tris−HCl, pH 5.5, and 25% (w/v) polyethylene glycol (PEG) 3,350. The resulting drops were incubated at room temperature over 0.1 mL of the same crystallization solution. Crystals typically first appeared after 5 to 7 days and grew to final size in 2 weeks. Most crystals were rod shaped, and reached dimensions of ~ 500 x 50 x 50 µm. Crystals grown in dibasic ammonium tartrate were cryoprotected by brief soaking in synthetic mother liquor supplemented with 15% (v/v) glycerol and flash cooled in liquid nitrogen prior to X−ray exposure.
Crystals of HRASLS3 were obtained by mixing 1.5 µL of protein solution (6 mg/mL) in 10 mM MES−NaOH, pH 6.5, containing 200 mM NaCl, 10 mM DTT with 1.5 µL of 0.1 M Bis−Tris−HCl, pH 6.5, 28% (w/v) PEG 2,000 monomethyl ether and incubating the drops at room temperature. Crystals appeared in 7 to 14 days and grew to final size after another 2 to 4 days. These crystals had an elongated shape and a hexagonal cross section with approximate dimensions of ~ 300 x 20 x 20 µm. Native crystals were harvested by direct flash cooling in liquid nitrogen. Four heavy atom derivatives of HRASLS3 were prepared to enable de novo phasing. Mature crystals were soaked for 10 to 30 min in synthetic mother liquor containing 1 mM of either ethyl mercury thiosalicylate (EMTS), potassium tetrachloroplatinate(II) (K 2 PtCl 4 ), or potassium gold cyanide (KAu(CN) 2 ) prior to flash cooling in liquid nitrogen. The iodide derivative was obtained by rapid submersion of crystals in synthetic mother liquor containing 1 M potassium iodide (KI) for ~30 sec followed by immediate flash cooling in liquid nitrogen (19) .
X−ray Diffraction Data Collection, Phasing and Structural Refinement
Diffraction data was collected at the NSLS X29 and APS NE−CAT 24−ID−C beamlines. Data obtained from the Au, Hg and Pt−derivatized HRASLS3 crystals were collected at X−ray energies just above the respective LIII absorption edges to exploit the anomalous scattering of these atoms for phase determination. The I−derivatized crystal was collected at a remote energy where I exhibits significant anomalous scattering. Data reduction was performed using XDS (20, 21) , HKL2000 (22) and TRUNCATE (23) . HRASLS3 crystals belonged to space group P3 1 21 and contained one monomer per asymmetric unit. R iso values indicated good isomorphism between native and derivative HRASLS3 crystals (supplemental Table 2 ). The scaled data sets were input into autoSHARP (24) for experimental phase determination using both isomorphous and anomalous differences. Initial heavy atom substructures were located with SHELXC/D (25) . Heavy atom substructures for each derivative were refined, completed and initial protein phases were calculated with SHARP (26) . Density modification with SOLOMON (27) resulted in a high quality electron density map that allowed automated protein model building in ARP/wARP (24) . This initial model was refined against a second isomorphous native HRASLS3 data set that extended to higher resolution than the original native data set used for phase determination. The new data set displayed significant diffraction anisotropy (2.4 Å in the a* and b* directions and 1.95 Å in the c* direction with I/σI > 3), and thus was submitted to the Diffraction Anisotropy Server for ellipsoidal truncation and scaling (28) . This procedure markedly improved the appearance of the electron density maps and also resulted in superior model refinement statistics. Structure refinement was conducted in PHENIX (29) and REFMAC (30) with TLS B−factor refinement (31) and COOT was used to manually adjust the model (32, 33 ). The refinement converged to an R free value of 21.6% with excellent stereochemistry as assessed with the MolProbity Server (34) (supplemental Table 3 ). Residues 1−5, 40−57 and 126−140 could not be modeled owing to these regions' weak or absent electron density. Arg18 and Cys89 were modeled in split conformations and 43 water molecules were included in the final model. A high resolution data set extending to 1.25 Å resolution was collected on a HRASLS2 crystal at NE−CAT beamline ID−24C by using the continuous vector scanning option to maximize diffraction resolution and distribute the dose over the entire crystal. These crystals belonged to space group P2 1 and contained one monomer per asymmetric unit. The HRASLS2 structure was solved by molecular replacement with PHASER_MR (35) and used the refined model of HRASLS3 as a search model. Adjustments to the protein sequence were made with COOT (33) and the initial model was refined with SHELXL (25) and REFMAC (30, 36) . The resolution used for refinement was gradually extended from 1.8 Å to 1.25 Å. B−factors were refined anisotropically in the final stages of refinement, which reduced R free by about 2%. Cys113 was found to adopt two conformations one of which contained extra electron density near the S γ atom. Because of the short distance between the peak maximum and the S γ atom, we interpreted this density as originating from an oxidative modification of the Cys residue. This alternative conformation of Cys113 was thus modeled as a sulfenic acid moiety. The refinement converged to an R free value of 17.8% with excellent stereochemical statistics as assessed with the Molprobity server (34) (supplemental Table 3 ). Residues 1, 40−51, 106−110 and 128−137 and the side chains of residues 7, 57 and 126 were omitted from the final model owing to weak or absent electron densities. Pro8, Ser17, His23, and His119 in addition to Cys113 were modeled in two conformations, and 105 water molecules were included in the final model. The coordinates and structure factors were deposited in the Protein Data Bank under accession codes 4DPZ and 4DOT for HRASLS2 and HRASLS3, respectively.
RESULTS

Expression and purification of recombinant human HRASLS proteins
Sequence alignment of proteins belonging to the LRAT−like family revealed an overall common architecture featuring variable N−terminal sequences, conserved catalytic domains, and a hydrophobic membrane−anchoring region predicted to be a single transmembrane α−helix at the C−terminus (Fig. 1A) . Expression of full−length HRASLS proteins in bacteria results in formation of insoluble inclusion bodies (15) . Therefore, to minimize aggregation and ensure robust expression efficiency, we generated constructs lacking the hydrophobic C−terminal domain for HRASLS1−5. Conveniently, high homology between these HRASLS proteins allowed the development of a three step purification protocol involving His−tag affinity, gel filtration, and cation exchange chromatography, resulting in reproducible, highly purified, homogenous preparations (Fig.  1B, C) . The only exception was HRASLS5 which after bacterial expression in truncated or full−length forms did not produce a sufficient yield of properly folded protein for further characterization.
HRASLS proteins share a common enzymatic strategy
In previous studies, we provided direct evidence that LRAT adopts a catalytic strategy similar to papain-like thiol proteases in which deprotonated Cys161 exerts a nucleophilic attack on a carbonyl carbon of the PC ester bond leading to transient covalent acylation of the protein (6, 17) . Thus, an MS−based assay developed to trap the LRAT thioester intermediate was used to investigate the catalytic mechanism of the HRASLS proteins. Electrospray ionization allowed analyses of the intact proteins whereas the charge state distributions of protein ions revealed information about the polypeptide mass. Spectra of purified HRASLS3 (Fig. 2) , HRASLS1, HRASLS2 and HRASLS4 (Fig. S1 ) recorded under acidic conditions provided well−defined charged states and the mass spectra deconvolution revealed protein masses identical to those calculated from amino acid sequences. Incubation of HRASLS2−4 with 7:0−7:0 PC caused the rapid appearance of an extra chromatographic peak in addition to signals from the intact protein and phospholipid ( Fig. 2A and Fig. S1 ). The MS spectrum corresponding to this extra peak was closely related to that of the tested protein but indicated an increase in its molecular mass by 112 Da, a mass shift corresponding exactly to the mass of a C7 fatty acid moiety. Thus, the presence of 7:0−7:0 PC led to covalent modification of HRASLS2−4. Similar results were obtained for PE and lipid substrates with acyl chain lengths between 5 and 16 carbons. However, the efficiency of protein modification decreased with longer acyl chain lengths, especially for HRASLS2 and HRASLS3, owing to reduced phospholipid aqueous solubility. Unlike lipases, soluble form of HRASLS enzymes and LRAT can access phospholipids in monomeric rather than ordered micellar form. In this sense, soluble form of LRAT−like proteins exhibit features characteristic of esterases (37) . Consequently, the efficiency of self−acylation of HRASLS2 and HRASLS3 drops with increasing length of acyl chains and lower critical micelle concentration (CMC) of lipid substrates as discussed previously for LRAT (17) .
The only protein that did not undergo acylation under our experimental conditions was HRASLS1. This discrepancy could result from differences in substrate specificity, a requirement for specific assay conditions or possible incorrect folding of the protein upon expression in bacterial system. Acyl modifications of HRASLS proteins were stable, allowing identification of lipid−modified residues. MS examination of an HRASLS3 pepsin digest preincubated with 7:0−7:0 PC revealed the presence of an ion (m/z = 1103.5) that corresponded to the NCEHFVNE peptide with an added C7 acyl chain. This peptide's identity was confirmed by its MS/MS fragmentation pattern. A 112 Da shift in the b−ion series observed between the modified and unmodified peptide clearly indicated the Cys113 residue as part of a formed thioester (Fig. 2B) . Analogous analysis performed on HRASLS2 revealed the very same acylation site (Fig. S2) . Thus, we directly demonstrated that HRASLS proteins, similar to LRAT, were self−acylated in the presence of PC as an integral part of their enzymatic activity. Hence, members of the LRAT−like family could share a common catalytic strategy.
The stability of acylated forms of HRASLS proteins; implications for the enzymatic activity of these proteins
Adoption of a thiol protease enzymatic strategy by HRASLS proteins agrees with the reported hydrolysis of phospholipid carboxyl groups by these enzymes. However, the well−characterized acyltransferase activity of LRAT suggests that the same mechanism can be used by HRASLS enzymes to catalyze acyltransferase reactions in the presence of proper acyl donors and acceptors. We surmised that the ability of these enzymes to act as acyltransferases should relate to the stability of their acylated forms in aqueous solution. Thus, we investigated the stability and hydrolysis rates of the acylated Cys residues formed when HRASLS2, 3, and LRAT were exposed to 7:0−7:0 PC. Incubation of HRASLS2, HRASLS3, and GST−tLRAT (a catalytically active, truncated, soluble form of LRAT) (17) with this phospholipid substrate at pH 8.0, which is optimal for hydrolytic activity, did not cause rapid breakdown of the lipid substrates (Fig. 3) . The lyso−PC product accumulated slowly over an extended period of incubation with a rate near the assay detection limit of 0.04 nmol/min/µg of protein for HRASLS2, which was more efficient than HRASLS3 or GST−tLRAT. Despite the slow rates of phospholipid hydrolysis, each of the tested proteins became efficiently acylated under the experimental conditions employed indicating their enzymatic competence. The acyl−modified forms of HRASLS2 and HRASLS3 persisted over the whole assay period, mimicking behavior of LRAT (17) . The high stability of this lipid modification was underscored by the fact that these acylated proteins could be separated from PC by gel filtration chromatography (data not shown).
In marked contrast to HRASLS2, HRASLS3 and GST−tLRAT, HRASLS4 exhibited a much higher 7:0−7:0 PC hydrolysis rate of 1 nmol/min/μg of protein (Fig. 3A) . This robust enzymatic activity was accompanied by rapid acyl−protein complex disappearance indicating a direct relationship between the hydrolytic enzymatic activity and decay of the thioester reaction intermediate (Fig. 3B, C) . The above results indicate that water−driven decomposition of the thioester intermediate is not preferred by either HRASLS2 or HRASLS3. Thus their acyltransferase activity could dominate in the presence of a suitable acyl acceptor.
To determine the specificity of the observed phospholipase activity, we used 1−hexanoyl−2−(6−[(7−nitro−2−1,3−benzoxadi azol−4−yl)amino]hexanoyl)−sn−glycero−3−pho sphocholine (6:0−6:0−NBD−PC), an sn−2 fluorescently−labeled PC, as a substrate. Absorbance of 460 nm light by the NBD chromophore allowed direct quantification of lipid hydrolysis products. A representative chromatogram showing separation of this substrate and the reaction products is shown in Fig. 4 . The presence of both 1−lyso−2−NBD PC and free 6−NBD−hexanoic acid indicated that HRASLS enzymes possess both sn−1 and sn−2 activity. However, HRASLS2 showed a slight preference for the sn−2 position whereas nearly 70% of HRASLS4−dependent cleavage occurred at the sn−1 position of this substrate. HRASLS3 did not reveal a significant preference for either site (Fig. 4C ).
HRASLS proteins function as acyltransferases
The capability of HRASLS enzymes to catalyze acyl transfer was demonstrated for HRASLS5 which transfers an acyl group from the sn−1 position of PC onto an amino group of PE to form N−acyl−PE (14) . A trace of similar activity was seen for HRASLS3 and other members of LRAT−like protein family as well (13, 38) . To further understand this activity, we incubated HRASLS2, HRASLS3, and HRASLS4 with 18:1−16:0 PC in the presence of 17:0−17:0 PE. Purified recombinant HRASLS enzymes catalyzed the transfer of either the sn−1 or the sn−2 acyl−moieties of PC to form an N−acyl PE, the first metabolic step needed for N−acyl ethanolamine formation. As deduced from the LC/MS/MS profiles provided in There were significant differences in acyl transfer as well as lipolysis rates between tested proteins. All tested proteins revealed acyltransferase and lipase activity. However, HRASLS2 and HRASLS3 predominantly catalyzed acyl transfer whereas lipase activity was dominant for HRASLS4. Apparent reaction rates are listed in Fig. S3C .
In an attempt to reproduce these data with short chain phospholipids, we incubated HRASLS2, 3, and 4 with a mixture of 7:0−7:0 PC and 6:0−6:0 PE (1:1 molar ratio) and analyzed the lipid products of these reactions with LC/MS. N−acyl PE production was not detected in any of these experimental samples. But, we did note that the reaction mixtures + ), both products of fatty acid remodeling of the lipid substrates (Fig. 5) . For HRASLS2 and HRASLS3, the amounts of detected phospholipids with mixed acyls were relatively small and comparable to those of lyso−PC obtained upon incubating these proteins with PC. Interestingly, in the case of HRASLS4 which effectively hydrolyzes PC and PE, both 6:0 lysoPC and 7:0 lysoPE were easily detectable. Similar results were obtained with a mixtures of 6:0−6:0 PC and 7:0−7:0 PC or 7:0−7:0 PC and 16:0−16:0 PC indicating that acyl remodeling occurs also between PCs and is not limited to short acyl chain substrates (Fig. 6) .
Based on these results, we assume that all of these enzymes form an intermediary acyl−enzyme complex from which the acyl group can be transferred to either water to yield lysophospholipid and free fatty acid or to a second molecule of lysophospholipid to produce a remodeled phospholipid. In the case of HRASLS4, these remodeled phospholipids are subsequently hydrolyzed to form lysophospholipids.
Rearrangement of lysophospholipids via intramolecular I−II acyl migration represents a serious problem for accurate determination of HRASLS enzymes' acyl acceptor specificities (39) . Aqueous conditions and the alkaline pH used in enzymatic assays here promoted interconversion of 1−lyso−2−acyl PC into 1−acyl−2−lyso PC which comprised >95% of this lysophospholipid population at equilibrium achieved within minutes. Externally added 1−heptanoyl−2−lyso PC or any other tested 1−acyl−2−lyso phospholipids failed to increase the production of mixed acylated PCs by HRASLS proteins, suggesting that only 1−lyso−2−acyl phospholipids were used as substrates. To test this idea we used the efficient, sn−1−preferential, phospholipid hydrolytic activity of HRASLS4 or PLA1 from Rizopus oryzae to produce 1−lyso−2−acyl−phospholipid in situ during the enzymatic assay. Samples containing HRASLS, 7:0−7:0 PC, and 6:0−6:0 PE were spiked with HRASLS4 at a concentration 1,000 times lower than that of the tested enzyme or 0.5 µg of PLA1 (7 U/mg) and 1 mM CaCl 2 . Addition of HRASLS4 or PLA1 increased the yield of 6:0−7:0 PC up to 10−fold, indicating that predominantly 1−lyso−2−acyl−phospholipids serve as fatty acid moiety acceptors (Fig. 5E) . These results confirm the regiospecificity of HRASLS−mediated acyl transfer described by Shinohara et al. (38) .
Crystallization of HRASLS2 and HRASLS3
To gain structural insights into the enzymatic activities of HRASLS proteins, two members of the LRAT−like protein family, human recombinant HRASLS2 and HRASLS3, were crystallized. Despite high homology (69% identities and 83% homology) and a common purification scheme, these two proteins required different processing and crystallization conditions. HRASLS2 displayed a strong tendency for non−specific oligomerization at concentrations above 4 mg/mL by forming a white precipitate. Interestingly, this characteristic did not adversely affect its crystallization which occurred over a broad pH range (5.5 -8.5) and in multiple PEG and PEG−derived precipitants (PEG 2,000 to 8,000). However, the only ionic precipitant that promoted HRASLS2 crystallization was dibasic ammonium tartrate. Crystals obtained under these conditions diffracted to d spacings corresponding to 1.25 Å. Unlike HRASLS2, HRASLS3 could be concentrated to 15 mg/mL but crystallized under much more stringent conditions with respect to pH and precipitant (pH 6.0 -7.0; 26 -30% PEG 2,000 monomethyl ether at room temperature). For optimal crystal growth, the protein concentration of HRASLS3 could not exceed 3 mg/mL in the crystallization drop.
Structural basis of HRASLS' enzymatic activities
The crystal structure of human recombinant HRASLS3 was solved by the multiple isomorphous replacement with anomalous scattering (MIRAS) technique. Data from four isomorphous heavy atom derivatives were used to calculate initial phases, which were characterized by an overall figure of merit of 0.47 and 0.51 for acentric and centric reflections, respectively (Table S1 ). The initial electron density map displayed good connectivity and clear secondary structure features. Following density modification and phase extension to the full resolution range of the native data set, the resulting electron density map was of sufficient quality to allow automated model building of a large portion of the protein chain. The initial structural model was subsequently refined to an R free value of 21.2% at 1.96 Å resolution (Table S2) . The HRASLS3 structure then served as a molecular replacement search model to solve the HRASLS2 structure, which was refined to an R free = 17.8% at 1.25 Å resolution (Table S2) .
The basic structural motif of HRASLS2 and HRASLS3 was comprised of a four−strand antiparallel β−sheet and three α−helices (Fig.  7A, B) . The longest α−helix (α3) was packed against the β−sheet whereas the two other shorter α−helices were located on the sides. These two α−helical and β−sheet regions were well separated. Aside from slight differences in the lengths of certain β−sheets, HRASLS2 and 3 structures superimposed well with an RMSD of 0.41 Å for Cα carbons (Fig. 7C) . The overall architecture of these two proteins was similar to the classical α+β fold with antiparallel β−sheets and segregated α and β regions. Despite some differences caused by insertions and circular permutations in these proteins' sequences, their structures were largely reminiscent of papain−like proteases (4, 40) .
Active site architecture A highly conserved catalytic Cys113, identified as the acylation site, is located near the N−terminus of α3. This arrangement defines the active site location, which is embedded into a well−defined grove formed by the extended loops between β1 − β2, β3 − β4 and the N−terminus of the α3 helix (Fig. 8, Fig. 9A, B) . The side chain of Cys113 is packed against a β−sheet core of the protein, placing it in close proximity to the conserved His23 from the β2 strand. The β−sheet is spread open on one end allowing formation of a hydrogen bond between His23 and Cys113 (Fig. 8B ). There are no Asp or Glu residues present near His23. The third polar residue in this catalytic triad is a second His residue (His35) in the neighboring β3 strand. The His residue at this position is conserved in more than 60% of NlpC/P60s and in all HRASLS proteins with the exception of HRASLS1 (40, 41) . In such an arrangement of catalytic residues, His23 serves as a general base that deprotonates the S γ atom of Cys113 whereas N δ1 of the His35 side chain hydrogen bonds with the His23 imidazole ring, to stabilize its proper orientation.
As expected, positions of key residues in the two structures involved in catalysis superimposed well. However, the high resolution structure of HRASLS2 provides additional information regarding the active site dynamics. Notably, Cys113 was observed in two distinct conformations (Fig. 8C, D) . Originally, the alternative orientation of this residue was modeled in its reduced form. However, a consistent area of 2Fo−Fc and positive Fo−Fc electron density at the covalent bond distance of the S γ atom strongly suggested a possible covalent modification of this residue. Thus, we assumed that the alternative conformer of Cys113 represents sulfenic acid (Cys−SOH), an oxidized form of the Cys residue (Fig. 8C, D) . Consistent with this interpretation, the B−factor of the additional oxygen atom refined to a value close to the S γ atom of this residue. Sulfenic acids are generally labile and can easily be oxidized further to their sulfinic or sulfonic forms unless they are stabilized by a network of hydrogen bonds (42) . The stability of the sulfenic acid moiety results from interaction with N δ1 of His23 and the amide nitrogen of the Trp24 backbone. The presence of the oxygen atom affects the position of the His23 imidazole ring in which a slightly tilted alternative conformation can be clearly observed in the electron density map.
Protein−membrane interface and membrane topology
LRAT is an integral membrane protein that assumes a single membrane−spanning topology with a cytoplasmic N−terminus and a C−terminal segment facing the endoplasmic reticulum (ER) lumen (43) . The C−terminal transmembrane helix is indispensable for post−translational targeting and anchoring of LRAT to the ER. It also determines accessibility of the lipid substrates for this enzyme (44) . Even though the C−terminal transmembrane domain has a variable sequence, it is predicted from hydropathy plots to be present in other members of the LRAT−like protein family. The only exception could be HRASLS5 where characteristics of this region are poorly defined (Fig. 1A) . Though the most hydrophobic putative membrane−spanning portion of these proteins was truncated to obtain crystals, the resulting structures of HRASLS2 and HRASLS3 provide valuable information about the orientation of these molecules with respect to the lipid bilayer. Based on the location of the active site and the substrate binding groove that requires a proximal orientation to the lipid membrane for access to phospholipids, we postulate a likely orientation for HRASLS enzymes with respect to the membrane. The opening of this groove is surrounded by hydrophobic residues that constitute the most non−polar segment of these proteins and thus are likely to integrate monotopically into the lipid bilayer (Fig. 9A, B) . A region that contributes to the HRASLS2 and HRASLS3 membrane interaction is the 40 -57 amino acid segment between β3 and β4. Though the electron density for this region was inadequate for model building in both crystal structures, structure prediction indicated a high propensity for an α−helix. This in turn suggested an amphiphilic helix with a hydrophobic interface mainly composed of Val50, Met51, Leu54 in HRASLS3 and Val50, Leu51, Leu54 in HRASLS2 that could interact with the nonpolar core of a bilayer (Fig. 9C, D,  E) . Thus, the reason for the disorder observed in this particular region could stem from the lack of a proper interfacial environment in the protein crystal, as lipid membrane interactions have been shown to stabilize amphiphilic helices (45) . The model of HRASLS membrane topology proposed above is supported by thermodynamic calculations of rotational and translational positions of HRASLS3 in a phospholipid bilayer using the PPM 2.0 algorithm (46) (available at Orientation of Protein in Membrane database server). Analysis of the experimentally determined HRASLS3 structure as well as models of HRASLS3 containing the putative amphipathic loop (residues 40 -57) and the C−terminal membrane−spanning alpha helix (residues 133−155), individually or in combination, all resulted the same HRASLS3 membrane orientation consistent with our hypothesis (Fig. S4 ). An additional, much smaller, region for protein−lipid interaction is the hydrophobic loop between β3 and β4 with exposed Phe19 and Phe20 residues in HRASLS2 and 3, respectively.
DISCUSSION
Here we provide experimental evidence for a common enzymatic strategy shared by members of the LRAT−like protein family. Adaptation of the thiol−based protease mechanism in which a reactive Cys residue becomes transiently acylated provides a universal platform for both their hydrolase and acyltransferase activities. The ability of HRASLS2 − 5 to cleave PC and PE has been studied previously (13, 38) . But, in each case, the rate of hydrolysis was significantly lower than found for PLA 2 (15) . Such modest PLA 2 enzymatic activity along with a surprisingly high stability of the thioester catalytic intermediate comparable to that observed for the well−characterized acyl transferase LRAT (5, 17) , suggested a potential acyltransferase activity that could be fully expressed only in the presence of an appropriate acyl acceptor. In a series of experiments, we identified that 1−lyso−2−acyl PC and 1−lyso−2−acyl PE are acyl acceptors for HRASLS 2, 3 and 4. This finding suggests the involvement of HRASLS enzymes in acyl chain remodeling, a process that provides biologically active lipid mediators that continuously maintain the phospholipid composition of mammalian cells (47) . Thus, this robust HRASLS' acyltransferase enzymatic activity could explain the physiological role of these proteins. HRASLS3 is a major regulator of triglyceride metabolism in adipocytes, and peroxisomal functions in culture models of other tissues, emphasizing the physiological significance of this protein (9, 12) . However, the primary mechanism responsible for HRASLS3's physiological effects is still a matter of debate. The proposed inadequate prostaglandin signaling in Adpla −/− mice that affects triglyceride storage was linked to the PLA 2 specificity of this protein, whereas a predominant PLA 1 activity was observed in tissue culture models (9, 11, 48) . The molecular mechanism by which HRASLS3 overexpression causes disruption of peroxisomes and ether−phospholipid production in cells is also unclear (12) . Thus, we cannot exclude the existence of alternative protein-or tissue-specific acyl acceptors for HRASLS proteins within living cells. This possibility is reinforced by the action of HRASLS5 and other HRASLS proteins, which facilitate formation of N−acyl PE (Fig. S3) (14) . This is the first of two metabolic steps required for N−acyl ethanolamine formation. After formation, N−acyl PE must be acted upon by an N−acyl PE−specific phospholipase D, forming the corresponding N−acyl ethanolamine and phosphatidic acid (49, 50) . Biologically important N−acyl ethanolamines include the endocannabinoid N−arachidonoyl ethanolamide (anandamide), as well as N−palmitoyl ethanolamine, N−oleoyl ethanolamine, and N−stearoyl ethanolamine, which lack affinity for the canonical cannabinoid receptors (49) (50) (51) (52) (53) (54) . There is increasing evidence that endocannabinoid signaling is dysregulated in metabolic diseases like hyperglycemia and obesity (49) (50) (51) 54, 55) . Moreover, it is known that N−oleoyl ethanolamine induces satiety and, together with N−palmitoyl ethanolamine and N−stearoyl ethanolamine, it enhances N−arachidonoyl ethanolamide actions in modulating metabolic processes (50-52). Given HRASLS3's capability to catalyze N−acyl−PE formation, it is possible that this enzyme can play a physiologic role in modulating metabolic functions regulated by this poorly understood class of bioactive lipids.
The crystal structures of two human representatives of LRAT−like proteins reported in this study feature an architecture closely resembling that of the NlpC/P60 peptidase domain, an evolutionally conserved fold found in several archaeal, bacterial, and viral enzymes that catalyze related but distinct reactions such as murein degradation, amide hydrolysis, and acyl transfer reactions (4, 41) . NlpC/P60 domain−containing proteins feature an unconventional Cys−His−His catalytic triad in their active sites despite being structurally related to the classical papain−like α+β fold with four antiparallel β−strands packed against an α−helix. Such an assembly of catalytic residues is known only for the bacterial β−ketoacyl−acyl carrier (56) . In this unusual arrangement, His23 serves as a general base that lowers the pKa of the Cys113 sulfhydryl group whereas the second His residue of the triad (His35) provides hydrogen bonds with the His23 side chain stabilizing its proper orientation. The position of His35 is also restrained by interaction with the side chain of Glu63 (Fig. 8) . His35 is conserved in HRASLS2, 3, 4 and substituted by a chemically similar Gln or Asn residue in HRASLS1 and LRAT, respectively. Interestingly, substitution of His35 by Asn, Asp, Gln, or Glu residues, all of which could serve a similar hydrogen bonding role, is found in nearly 40% of NlpC/P60 proteins (41) . His/Asn exchange is also observed in HRASLS1. Because bacterial expression of human recombinant HRASLS1 did not produce the active form of this protein, it is not clear how this substitution affects the enzymatic properties HRASLS1 relative to other members of this family. But the recent characterization of HRASLS1 expressed in COS−1 cells provides evidence for PLA 1,2 and acyltransferase activities similar to those of other HRASLS proteins (38) .
The high resolution structure of HRASLS2 provides important details about the reactivity and dynamics of the active site. Two alternative conformations of the catalytic Cys113 side chain were clearly distinguished in the electron density map (Fig. 8D) . Although the distances between S γ of Cys113 and N δ1 of His23 were similar, these two rotamers differed in orientation of the thiol group with respect to the imidazole ring. The interaction between hydrogen donor and acceptor is critical for deprotonation of the Cys sulfhydryl group and subsequent nucleophilic attack on the acyl donor. Because hydrogen bond properties depend on the angle of such bond formation, the existence of two conformations could imply differences in their reactivity (57) . The more preferable geometry and presumably stronger interaction with N δ1 characteristic of one of these Cys113 positions suggests it is the active conformation for this residue. Oxidation of Cys113 to sulfenic acid that occurs only in one of the two orientations seems to support this hypothesis. Susceptibility to spontaneous Cys residue oxidation strongly depends on the ionization state, as thiolates are far more nucleophilic than their protonated counterparts (58) .
Thus, a highly selective, orientation−dependent modification of Cys113 should specify the most reactive and catalytically competent conformation. Mapping interactions of thioester or anionic tetrahedral intermediates will require their trapping within the active site. However, the architecture of the cleft and especially the close vicinity of the Cys−SOH rotamer to the amide bonds of Glu114 and Trp24 backbone could indicate the location of an oxyanion hole involved in stabilizing the tetrahedral anion. The nonoxidized Cys113 conformation faces away from any potential interactions of this type, including the side chain of Tyr21 that previously was proposed to stabilize the oxyanion intermediate in NlpC/P60 Spr lipoprotein (41) . There are no structural factors that would favor or stabilize any particular Cys113 rotamer. Thus, the interchangeable character of these two states is probably responsible for presence of active (acylated) and inactive (not acylated) protein populations detected by MS upon incubation of HRASLS2 and other HRASLS proteins with excess phospholipids (Fig. 2, and Fig. S1 ). Moreover, the high propensity of Cys113 to undergo oxidation explains the need of reducing agents such as DTT for full activity of these proteins.
Although the structural and catalytic similarities between acyltransferases and hydrolases have been recognized, the molecular basis for their different reactivity has been a long−standing mystery. Hydrolysis is a common side reaction of acyltransferases, especially in the absence of a specific acceptor (59, 60) . Comparison of X−ray crystal structures of acyltransferases, including those with bound substrate analogues, do not reveal a common molecular mechanism responsible for discrimination between acyltransferase and hydrolytic activity. Most structures indicate specific interactions between the alcohol and acyltransferase that favor acyl−transfer over hydrolysis. Recent studies by Jiang et al (61) shed new light on this problem by showing that orientation of the active site oxyanion−loop determines the dominant type of enzymatic activity. In esterases, a main−chain carbonyl oxygen which is part of the oxyanion−loop acts as a base via a bridging water molecule to activate the attacking water molecule. But in acyltransferases, the NH of a main chain acts as an acid via a bridging water molecule to deactivate the attacking water molecule. Thus, discrimination between hydrolytic and acyltransferase activity is governed at the water activation level. Furthermore, deactivated water is susceptible to displacement by larger alcohol or amine acyl acceptors which can then be activated directly by the side chain of a His residue for the acyltransfer reaction.
HRASLS2 and HRASLS3 reveal greater selectivity towards acyl acceptor than the acyl donor. They use sn−1 lyso−phospholipids as well as PE but neither ethanolamine nor glycerophosphoethanolamine. Although one cannot exclude preferential binding of certain substrates, activation of a water molecule could also play a key role in the preferential acyltransferase activity of these enzymes. Direct experimental approaches to prove this theory require both crystallization of HRASLS2 or HRASLS3 with a sulfonate analogue of a tetrahedral intermediate that mimics the attack of water on the thioester and identification of an oxyanion loop within the active site. Alternatively, determination of the HRASLS4 structure, an enzyme that exhibits predominant hydrolase activity, together with its direct comparison of its active with the active site architecture of HRASLS2 or HRASLS3 could provide direct evidence for a role of the oxyanion loop orientation in enzymatic activity.
The crystal structures of HRASLS2 and HRASLS3 suggest a preferential orientation of these molecules with respect to the phospholipid membrane (Fig. 9 and Fig. S4) . The active site location in a shallow grove at the periphery of these proteins is characteristic of many enzymes such as phospholipases A2, C, and D acting at membrane/water interface (62) (63) (64) . Docking of the active site at the polar lipid phosphate region of the bilayer determines substrate accessibility without thermodynamically unfavorable extraction of lipids from the membrane. The primary structural element that allows membrane insertion of HRASLS enzymes (with the possible exception of HRASLS5) is a C−terminal transmembrane helix. However, secondary protein−lipid interactions are probably critical for proper active site membrane embedding and could affect substrate specificity. We identified two regions potentially involved in hydrophobic interactions. Residues 41 − 57 that constitute a disordered loop between β3 and β4 in the crystal structure have a propensity to adopt an α−helical conformation with well−defined hydrophobic and polar interfaces (Fig. 9C, D, E) . Interaction of this region with a lipid bilayer could promote its re−folding as documented for many other amphiphilic helices (65) . Analogous sequences are present in other HRASLS proteins. This region is especially interesting in LRAT where an 11 residue Leu−, Ile−, and Val−rich extension confers significantly more hydrophobicity (Fig. 1) . Unlike LRAT, soluble forms of HRASLS proteins tested in this study did not spontaneously bind to asolectin liposomes (data not shown). Thus LRAT's enlarged hydrophobic patch could be solely responsible for LRAT binding to membranes in the absence of its N− and C−terminal hydrophobic segments. Such an interaction is in agreement with the lipid interface model proposed for LRAT based on physicochemical measurements and could explain the low aqueous solubility of this truncated protein (66, 67) . In summary, this study provides detailed insights into the enzymology, structural features, active site architecture, and membrane topology of a physiologically important class of proteins that catalyze reactions at the phospholipid membrane/water interface. Key roles for HRASLS3 and LRAT in the regulation of triglyceride and vitamin A homeostasis position these proteins as potential drug targets for treatment of metabolic syndromes. Thus, these results should facilitate the rational design of small molecules that alter the enzymatic functions of these proteins.
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